Both the Babcock (AOAC Method 989.04, revised Final Action 2000) and modified Mojonnier ether extraction (AOAC Method 989.05) methods are used in the dairy industry to determine the fat content of milk. Prior to revision in 1997, the Babcock method gave consistently higher fat test results than did the ether extraction. In 1997, a modification of the Babcock method was introduced to bring the results of the Babcock test into closer agreement with the ether extraction. The Babcock method was modified by lowering the temperatures used at various points in the method from about 57.5 to 48°C to increase the density of the material in the Babcock column. A collaborative study of the modification indicated it was successful in bringing the Babcock and ether extraction results into agreement but suggested that performance of the modified method was not as good as that of the unmodified method. In the present study, substantial evidence is presented to validate the success of the Babcock modification in bringing test results into agreement with ether extraction, and to document that temperature modification does not adversely affect method performance. Data were evaluated from an on-going proficiency testing program where 8-15 laboratories tested 7 milk samples in blind duplicate once every 2 months. Laboratories used the unmodified method from 1995 through 1996 and the modified method from 1998 through 1999. Compared with ether extraction, test results from the unmodified Babcock test were consistently higher by an average of 0.022% fat. For the modified Babcock test, average test results were -0.003% fat lower than with ether extraction and not significantly different from zero. AOAC method performance statistics . The accuracy and precision of ether extraction is demonstrably superior to that of Babcock, but the latter remains in use because of its speed, ease of use, and relatively low capital expenditure (3). Furthermore, the accuracy and precision of the Babcock method is often adequate for many applications. Both the Babcock and ether extraction methods are approved for producer payment testing, where part of the milk payment to dairy farmers depends on milk fat content. However, the use of ether extraction is more common and desirable for obtaining reference quality data, which is needed for calibration of secondary testing instruments such as mid-infrared milk analyzers used for payment testing.
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Prior to 1997, studies established that the Babcock test (AOAC Method 989.04, Revised First Action 1989; 4) gave consistently higher fat test results than did ether extraction (5, 6) . The volumetric scale on the neck of the Babcock bottle explained much of this bias. In the Babcock test, fat is released from milk by addition of sulfuric acid and isolated in the graduated neck of the Babcock bottle by means of centrifugation and the addition of water. Percentage of fat is read directly off the calibrated scale on the neck, after the contents of the bottle are tempered in a water bath of a defined temperature. The bottle necks are calibrated assuming that the milk fat in the column has a density of 0.9000 units at 60°C. In reality, however, this density of milk fat is obtained at a temperature closer to 48°C.
In 1997, a modification of the Babcock method was introduced to address this discrepancy and bring the results of the Babcock test into closer agreement with ether extraction (3). Specifically, the water bath used to temper the fat columns prior to reading was changed from the original specification of 57.5 to 48°C. Other temperatures used throughout the method were lowered proportionally. A collaborative study was conducted testing both raw milk and pasteurized cream using this modification (3) . Temperature modification statistically eliminated the testing bias between methods. Method performance was acceptable, although not quite as good as that achieved in previous studies of the unmodified method (3, 5, 6) . The Babcock method, with temperature modification, was adopted Revised First Action in 1997 and received Final Action status in 2000 (1) .
The Babcock and ether extraction methods are routinely run as part of a multilaboratory quality assurance program administered by the Test Procedures Committee of the U.S. Department of Agriculture (USDA) Federal Milk Market Administrators. Details of this program have been described elsewhere (6) . Most participating laboratories are operated by, or under contract to, individual federal milk marketing orders. Seven milk materials are sent in blind duplicate to each participating laboratory once every 2 months. Laboratories run the Babcock and/or ether extraction tests, and the results are sent to a central location for statistical analysis using the ISO/IUPAC/AOAC guidelines for evaluation of method performance and identification of statistical outliers (7) .
Data from this program, which has been in place since the late 1980s, provides an opportunity to evaluate the success of the modification of the Babcock method. The objectives of this report are to compare the differences between ether extraction and Babcock test results prior to and after the temperature modification, as well as to more clearly identify the effect of temperature modification on Babcock method performance.
Experimental

Time Period
Data were obtained over 2 years for the unmodified Babcock (1995) (1996) and modified Babcock tests (1998) (1999) . Data for 1997 consisted of a mixture of the unmodified and modified methods as laboratories made the transition, and thus excluded. For each sample exchange, 8-13 laboratories ran the Babcock test and 13-15 ran the ether extraction test. A decision was made by the Dairy Division of the USDA to use ether extraction results as the basis for calibration of mid-infrared milk analyzers. During 2000, only a few laboratories continued to run the Babcock test, and the proficiency program eliminated the Babcock from the sample exchanges entirely in 2001. However, the Babcock method is still used as a routine method in the dairy industry and it is important to provide confirmation of the validity of revision of the Babcock method.
Samples
Seven raw milk materials were tested in blind duplicate once every 2 months. The sample materials were prepared and sent from a central location. Raw milk was collected from 7 individual farms selected to provide good quality milk with a range of milk fat content. The milks were cold split into 37 mL plastic vials (Capitol Vial, Inc., Fultonville, NY) as previously described (6) , and splitting uniformity was verified (6) .
The laboratory samples were coded with random 3-digit numbers. Codes were different between and within sets for all laboratories and methods. The laboratory samples, wrapped in plastic bags and sealed with tape to protect them from water contamination, were packed on wet ice and shipped by overnight air delivery within 2 days of milk collection.
Chemical Tests
Laboratories tested the materials (one test per sample vial) by the unmodified Babcock method (1995) (1996) , modified Babcock method (1998) (1999) , and/or the ether extraction methods generally within 3 days of receiving the milks. The methods are briefly described below, but the reader should refer to the official AOAC methods for a detailed description (1, 2, 4) .
For the unmodified Babcock method 989.04 (4), 18 g mixed raw milk tempered to 38°C was added to an 8% Babcock bottle using a milk pipet specifically calibrated for this purpose. Sulfuric acid (17.5 mL, sp gr 1.82-1.83) was added, and the contents of the bottle were mixed by hand rotation to achieve a peak reaction temperature of 108°C. The bottle was further mixed on a shaker for >1 min. The bottle was placed in a 55-60°C centrifuge and centrifuged for 5 min at 164´g. Water at 59-61°C was added to fill the bulb, and the bottle was centrifuged for 2 min. Water at 59-61°C was added until the top of the fat column approached the 7% mark, and then the bottle was centrifuged for 1 additional min. The bottle was then immersed in a 57.5°C water bath (water level slightly above top of fat column) and tempered ³5 min. By use of calipers, a reading light, and magnification, the % fat was read to the nearest 0.05% off the calibrated neck of the bottle (distance between upper and lower meniscus of fat column).
The temperature-modified Babcock method 989.04 (1) was identical to the unmodified method except that the centrifuge was heated to 46-51°C, the water added to the bottle was 50-52°C, and the tempering water bath was set at 48°C.
For the ether extraction method 989.05, 10 g mixed raw milk tempered to 38°C was weighed into a Mojonnier flask followed by addition of 1.5 mL ammonium hydroxide. The contents of the flask were mixed, and 3 drops 0.5% phenolphthalein in ethanol was added. Ethanol (95%; 10 mL) was added, the flask was stoppered, and the contents were shaken for 15 s. This procedure was followed by addition of 25 mL petroleum ether and 25 mL ethyl ether, stoppering, and shaking for 1 min between each addition. The flask was centrifuged ³30 s at 600 rpm to obtain complete separation of the layers. The ether layer was poured into a preweighed ether collection dish (metal dish or glass beaker; predried ³30 min in 100°C forced-air oven or ³7 min in 70-75°C vacuum oven at >50.8 cm vacuum; cooled, and stored in desiccator). A second extraction was performed by adding 5 mL 95% ethanol (shaking for 15 s), 15 mL petroleum ether (shaking for 1 min), and 15 mL ethyl ether (shaking for 1 min) to the Mojonnier flask. After the flask was centrifuged (³30 s, 600 rpm), the ether layer from this second extraction was poured into the same dish used for the first extraction. A third extraction was conducted identical to the second, except that the addition of ethanol was omitted. The ether in the collection dish was completely evaporated at £100°C (in fume hood, using explosion hot plate), and then the dish was dried to a constant weight for ³30 min in a 100°C forced-air oven or ³7 min in 70-75°C vacuum oven at >50.8 cm vacuum. After the dish was cooled in a desiccator, it was weighed. The fat content of the sample was calculated from the amount of ether-extractable material as a percentage of the original amount of milk added.
Statistical Analysis
Data were analyzed using the harmonized ISO/IUPAC/AOAC guidelines for method validation with a statistical program developed in SAS (7, 8) . Within-laboratory repeatability and between-laboratory reproducibility were calculated separately for each of the 7 materials. Statistical parameters for each of the 7 materials were averaged to obtain overall method performance characteristics for each bimonthly sample exchange. Invalid data were excluded from the data set. Statistical outliers were identified with the Cochran, single Grubbs', and double Grubbs' tests and were excluded from the data set. The significance level for outlier identification was set at a = 0.01, which was the level recommended by AOAC prior to August 1995.
Results and Discussion
Babcock method performance values before (1995) (1996) and after (1998-1999) temperature modification is presented in Table 1 and Figure 1 along with the method performance statistics generated in the original collaborative studies of the unmodified (1989) and modified methods (1997). Table 2 and Figure 1 present the performance for the ether extraction method for these same time periods and are provided for the sake of completeness.
On average, method performance (Table 1) Ether extraction performance statistics for the intervals of 1995 through 1996 (s r = 0.007, s R = 0.013, RSD r = 0.18%, RSD R = 0.33%) and 1998 through 1999 (s r = 0.009, s R = 0.015, RSD r = 0.25%, RSD R = 0.39%) were similar and better than those achieved in the original 1989 collaborative study (s r = 0.015, s R = 0.020, RSD r = 0.40%, RSD R = 0.51%; 5; Table 2 ). The improvement in method performance has been previously documented for sample exchanges from 1989 through 1992 (6) . Figure 1 illustrates the variability in precision estimates among sample exchanges for the ether extraction and Babcock (modified and unmodified) methods. As part of the proficiency testing program, variability that appears higher than usual in any one exchange is investigated by examining the data and samples, and questioning the laboratories. For instance, if the repeatability of a particular material(s) is more variable than usual in most laboratories, sample quality (milk source, collection, storage) or shipment (delayed shipment due to weather or shipment during hot summer months) might not be optimal. New or less-experienced technicians might be running tests. Laboratories often are able to identify specific individual issues (not major ones, or the data would be identified as outlying). Nonetheless, all of these factors, identified or not, comprise the components of normal variation in precision in routine practice.
Percentage of fat in milk determined by the Babcock and ether extraction methods is presented in Table 3 . The mean for each month was derived from the average of the 7 material means obtained by all valid tests for all laboratories. Although % of fat is normally estimated to the nearest 0.05% for a single Babcock bottle, mean Babcock test results are presented to one place past the last significant digit so as not to lose infor- mation (9) . The monthly means for the unmodified Babcock method were consistently greater than those for ether extraction, the difference averaging 0.022% fat during 1995 through 1996. This finding is in agreement with previous estimations of 0.021% for the original collaborative study of the unmodified method (5) and 0.029% for sample exchanges from 1989 through 1992 (6) . For the modified method during 1998 through 1999, Babcock test results were sometimes higher and sometimes lower than ether extraction results, and the average difference between the 2 tests was -0.003% fat and not significantly different from zero (p > 0.05). This compares well with the average difference between the modified Babcock and ether extraction methods of -0.004% fat determined in the 1997 collaborative study (3) .
Conclusions
Temperature modification of the Babcock method was successful in bringing test results into agreement with those of ether extraction. Method performance of the temperature-modified method was equivalent to that of the unmodified method. Although ether extraction remains the reference method of choice because of superior accuracy and precision, the Babcock method is suitable for many less-demanding applications.
